nal damage. This procedure provides a 10-week period after surgery to examine very large changes in the pathology of DN. The model may be particularly useful for testing new therapies and for analysis of the progression of albuminuria and fibrosis in DN.
Introduction
Diabetes is the major cause of end-stage renal diabetes worldwide. Our understanding of the mechanism and treatment of diabetic nephropathy (DN) are limited by the lack of reliable animal models that mimic advanced human disease. Major efforts have been made to modify existing models or develop new models to accelerate the progression of DN. Attention has focused on mouse models since mice provide the most convenient mammal for genetic manipulation which is invaluable for studying molecular pathology and signal transduction. Although advances have been made by identifying the most susceptible mouse strains [1, 2] and by producing genetic modifications, such as endothelial nitric oxide synthase deficiency [3, 4] , there is still no single mouse model that reproduces all features of advanced human DN [5] . OVE26 (OVE) mice develop early-onset, insulinopenic diabetes due to a transgene regulated by the rat insulin 2 promoter that overexpresses calmodulin in pancreatic ␤ -cells. They provide a useful model of advanced DN with respect to albuminuria and other pathological features including glomerular mesangial matrix expansion and podocyte damage [2, [5] [6] [7] . However, even modest interstitial fibrosis takes 5-8 months to develop and a 20% decline in glomerular filtration rate (GFR) does not occur until 9 months of age [6] . The severity of OVE DN progresses with age but this approach is limited by high death rates in older OVE mice. To speed the progression of advanced DN, we are testing removal of one kidney from OVE mice. Uninephrectomy has been used in other models to accelerate nephropathy [8] [9] [10] . In this study we show that characteristics of DN, i.e. albuminuria, interstitial fibrosis, glomerulosclerosis, changes in GFR, and abnormal gene expression that normally take 8-9 months to develop, are more advanced in uninephrectomized OVE mice within 10 weeks of surgery, at 4.5 months of age. Nephrectomized OVE mice are a much faster alternative model for studying advanced renal disease in diabetes.
Materials and Methods

Animals
All animal procedures in this study followed the NIH Guide for the Care and Use of Laboratory Animals and were approved by the University of Louisville Institutional Animal Care and Use Committee. OVE diabetic mice on the FVB background were bred in our laboratory and FVB breeder mice were obtained from Charles River (Charles River Laboratories International, Inc., Wilmington, Mass., USA). All animals had free access to standard rodent chow and water throughout the study.
Uninephrectomy
Female OVE and littermate FVB mice were used in the study. OVE and FVB mice were randomly assigned into uninephrectomy (uni) or sham procedures which divided the mice into 4 groups of 8 mice: OVE-uni, OVE-sham, FVB-uni, and FVB-sham. At 2 months of age, uninephrectomy and sham surgeries were performed under ketamine/xylazine anesthesia. For uninephrectomy, the left kidney was surgically removed via a left paramedian incision on the back. The adrenal gland was carefully freed from the upper pole of the renal capsule before the renal pedicle was ligated and the kidney removed, the incision was closed with sutures. For sham surgery, the kidney was manipulated without ablation. Cefazolin was injected subcutaneously, 400 g, twice a day, for 2 days to prevent infection. Buprenorphine was used after surgery for pain control. All mice were sacrificed under anesthesia at 4.5 months of age, which was 10 weeks after surgery. Prior to harvest of the remnant kidney, mice were perfused with phosphate-buffered saline. Half of the kidney from each animal was snap frozen in liquid nitrogen and stored at -80 ° C for RNA and protein extraction. The other half was fixed with formalin for histology.
Measurement of Urinary Albumin Excretion GFR and Blood Glucose
For 24-hour urine collection, individual mice were placed in metabolic cages with access to chow and 10% liquid diet (Glucerna, Abbott Laboratories), as we have described previously [6] . Urinary albumin concentration was measured with a mouse albumin ELISA kit (Bethyl Laboratories, Montgomery, Tex., USA) within the linear range of the assay and expressed as g/24 h. GFR was determined from creatinine in 24-hour urine samples and plasma samples obtained from tail blood. Plasma and urine creatinine concentrations were measured by HPLC with electrochemical detection [11, 12] . GFR was calculated with the formula: GFR = (total creatinine g from 24 h urine)/(plasma creatinine concentration g/ l)/(24 h ! 60 min/h). Glucose was measured in serum samples obtained from tail blood of non-fasted mice. Glucose was assayed by the hexokinase kit (Sigma-Aldrich).
Assessment of Renal Pathology
Kidneys were fixed overnight in 10% neutral buffered formalin and embedded in paraffin. Tissue sections were cut at 3 m and stained for hematoxylin and eosin, periodic acid-Schiff (PAS) and Masson's trichrome using standard protocols. Glomerular volume, mesangial fraction and mesangial volume were determined from PAS-stained sections. Digital images of random glomeruli were obtained at 400 ! by an observer blind to the identity of the section. These were then analyzed by a second blind observer to determine the cross-sectional area of the glomerular tuft and the mesangial area. The cross-sectional area of the glomerular tuft (AG) was determined from outlines of the tuft using the program Adobe Photoshop. Glomerular volume (VG) was calculated from the cross-sectional area with the formula VG = ␤ /k (AG) 3/2 , where ␤ = 1.38 is the shape coefficient for a sphere and k = 1.1 is the size distribution coefficient [13, 14] . The mesangial area (AM) within the glomerular tuft was defined as the area that stained positively for PAS [15, 16] . Positive staining was identified using the capacity of Adobe Photoshop to select areas of matching color intensity. Mesangial fraction (Mf) was calculated as the ratio, AM/AG, and mesangial volume (VM) was calculated as the product, Mf ! VG. Four mice were analyzed per group and 15 glomeruli were measured per mouse.
Renal fibrosis was assessed by immunohistochemical staining with rabbit anti-collagen I antibody (Abcam Inc., Cambridge, Mass., USA). Fibrosis scores were expressed as the number of pixels stained for collagen per 200 ! magnification image field. The digital images were obtained by an observer blind to the identity of the section and quantified by another blind observer to measure the number of positive pixels. Staining around large vessels was excluded from the analysis. Pixel number was determined using the capacity of Adobe Photoshop to select areas of matching color intensity. Six randomly selected non-overlapping fields from the cortical region were obtained per kidney section and 3-5 mice were included in each group.
Infiltrating monocytes were identified using the ␣ -napthyl acetate esterase histochemical kit (Sigma-Aldrich) following the manufacturer's instructions. Staining was rated by a blind observer using the following scoring system: 0 = no stained cells, e23 1 = rare stained cells, 2 = occasional clusters of 5 or fewer stained cells, 3 = more than 3 clusters of at least 5 stained cells.
Microarray Hybridization and Gene Expression Analysis
RNA was extracted from frozen kidney using TRIzol reagent (Invitrogen, Carlsbad, Calif., USA). RNA integrity was confirmed using an Agilent 2100 bioanalyzer. RNA was pooled from 4 mice in each group (OVE-uni, OVE-sham, FVB-uni, FVB-sham). A 100-ng aliquot of RNA from the pooled sample was used for probe preparation. Preparation of cDNA was carried out using the onecycle cDNA synthesis kit with oligo-dT-T7 promoter primers (Affymetrix, Inc., Santa Clara, Calif., USA). The cDNA served as template for T7 RNA polymerase transcription in the presence of biotin-labeled CTP and UTP. The cRNA was fragmented to a size range of 50-200 nucleotides. Probes were hybridized to Affymetrix MG-430 2.0 GeneChips and scanned by GCS 3000 7G scanner and signals analyzed with GCOS software (Affymetrix, Inc.). To identify genes altered by diabetes, two comparisons of signal intensity were made, OVE-uni versus FVB-uni and OVE-sham versus FVBsham. The ratio of normalized signal intensity was determined for each probe set on the chip. Genes with a 2-fold or greater change in signal were uploaded to Ingenuity software (Ingenuity Pathway Analysis, Redwood City, Calif., USA) for pathway analysis.
Quantitative Reverse Transcriptase PCR
The same RNA samples used for microarray assay prior to pooling were used for rtPCR. The cDNA was synthesized with a high-capacity cDNA archive kit (p/n 4322171; Applied Biosystems, Foster City, Calif., USA) and PCR was performed on an Applied Biosystems 7300 thermocycler using commercially available Taqman reagents (Assay on Demand; Applied Biosystems) for C3 (Mm00437858-m1), CCL5 (Mm01302428ml), TIMP1 (Mm01341361-ml), TIMP3 (Mm00441827-ml), MMP3 (Mm01168713-ml), Nephrin: Mm-00497828_m1, Collagen 1: Mm01302043_g1, Collagen 3: Mm 01254476_m1, and VCAM1 (mM01320970-ml). Amplification was performed in duplicate using 40 cycles of denaturation at 95°C for 15 s, primer annealing/extension at 60°C for 1 min. Expression data were normalized to 18s ribosomal RNA (Hs99999901-sl) measured for the same samples. The relative expression ratio was calculated according to the 2 -⌬⌬ CT method.
Statistical Analyses
Data are expressed as means 8 SE. Comparison between groups was performed by one-or two-way ANOVA. Correlations between gene expression ratios of different groups were determined by the Pearson product moment correlation coefficient. Statistical analyses were performed with SigmaStat software.
Results
Uninephrectomy performed on 2-month-old OVE and FVB littermates did not result in abscess formation at the surgical site. The acute death rate from anesthesia or bleeding during surgery was less than 10% and the death rate up to 10 weeks was 30%. Uninephrectomy did not significantly alter blood glucose of diabetic mice ( fig. 1 a) . Body weight of OVE and FVB mice tended to be lower after uninephrectomy than in sham treated mice but this difference did not reach statistical significance during the 10-week observation period ( fig. 1 b) . Uninephrectomy significantly increased the weight of the remnant kidney, especially in diabetic mice ( fig. 1 c) . As shown in figure 1 d, urine volume was much higher in OVE mice than in FVB mice but urine volume was not altered by uninephrectomy in the diabetic or control groups.
Albuminuria and GFR
As shown in figure 2 , uninephrectomy produced a striking increase in albuminuria of OVE mice but had no significant effect on albumin excretion of FVB mice. Albuminuria increased within 2 weeks of surgery and continued to increase through 10 weeks post-surgery. At this time point, albuminuria of OVE-uni mice was 600-fold higher than in non-diabetic mice, and more than 6 times higher than that of OVE-sham mice.
GFR estimated by creatinine clearance is shown in figure 3 . In FVB mice, uninephrectomy had no effect on GFR. Prior to surgery, GFR was already higher in diabetic mice than in FVB mice. For OVE-sham mice, GFR remained high throughout the 10 weeks of observation, but in OVE-uni mice GFR appeared to be declining by 10 weeks of age. The decline in GFR was statistically significant and evident in all 4 OVE-uni mice assayed at 4 and 10 weeks post-surgery ( fig. 3 b) . In the OVE-sham group, the change in GFR varied among mice during the same time period ( fig. 3 c) .
Morphology, Interstitial Fibrosis and Monocyte Infiltration
Uninephrectomy markedly increased glomerulosclerosis in OVE-uni mice assessed 10 weeks after surgery ( fig. 4 ). In contrast, FVB mice showed a minimal effect of uninephrectomy on glomerular morphology. The effect of uninephrectomy to increase glomerular size and mesangial matrix content in OVE mice was evident by trichrome and PAS staining, and this impression was confirmed by quantitative analysis of PAS-stained sections Uninephrectomy did not significantly change body weight ( b ) in either diabetic or non-diabetic mice. Kidney weights ( c ) were higher in diabetic mice than FVB mice (indicated by * p ! 0.05) and uninephrectomy increased kidney weights in OVE-uni mice compared to OVE-sham mice ( # p ! 0.05) and in FVB-uni mice compared to FVB-sham mice ( ! p ! 0.05). Uninephrectomy did not change the urine volume ( d ) in either diabetic mice or nondiabetic mice. OVE mice always produced much more urine than FVB mice. In panel d * or # indicates that the urine volume in OVE-sham and OVE-uni mice was significantly higher than in FVB-sham or FVB-uni mice at all time points (p ! 0.05). n = 5-9 for each group. Comparisons were performed by two-way ANOVA. Uninephrectomy significantly reduced nephrin expression in FVB mice. OVE mice already have reduced nephrin expression [6] compared to FVB mice and uninephrectomy resulted in a non-significant trend towards lower nephrin expression in OVE mice (p = 0.12). Uninephrectomy of OVE mice increased damage in tubular and interstitial areas. Aggravated tubular damage was evident as more severe tubular dilation with tubular cell atrophy and more frequent protein casts ( fig. 4 fig. 5 f) . Consistent with the increase in renal fibrosis, we also found that uninephrectomy produced a significant increase in the expression of mRNAs for collagen 1 and collagen 3 ( fig. 5 g, h) .
Sections from 4 or 5 mice per group were stained by reaction of endogenous esterases with the substrate ␣napthyl acetate, a histochemical marker of infiltrating monocytes. Stained sections were scored from 0 to 3 by the rating system described in the Methods section. As shown in figure 6 , no infiltrating cells were observed in FVB-sham or FVB-uni mice. Only 1 OVE-sham mouse had infiltrating monocytes but all 5 OVE-uni mice had moderate or extensive infiltration.
Gene Expression Profiles
Pooled RNA from 4 mice of each group was used to prepare probes that were hybridized to Affymetrix MG-430 2.0 GeneChips. To identify genes altered by diabetes, two comparisons of signal intensity were made, OVE-uni versus FVB-uni (designated as UNI ratio) and OVEsham versus FVB-sham (designated as SHAM ratio). Since the use of pooled samples precluded statistical comparisons between groups, we also performed rtPCR on 9 genes to assess the reliability of the gene array results. Table 1 shows the UNI ratios and SHAM ratios for 9 genes tested by both gene array and by rtPCR. Of 17 comparisons that can be made between ratios obtained by rtPCR and by gene array, 13 show similar ratios by both methods. In addition, for the 11 statistically significant rtPCR results, 10 of the ratios obtained by gene array were similar.
The comparison of signal intensity of OVE-uni versus FVB-uni revealed 1,968 UNI genes that were increased or decreased at least 2-fold by diabetes. The comparison of OVE-sham versus FVB-sham revealed 1,615 SHAM genes increased or reduced at least 2-fold by diabetes. These genes were uploaded into the Ingenuity Pathway Analysis program. Table 2 lists the 15 most significant canonical pathways found by Ingenuity in the UNI dataset. The hepatic fibrosis/stellate activation pathway was the top canonical pathway. This pathway contains many genes that are involved in renal fibrosis. The genes showing diabetes induced changes in the UNI dataset included collagen (COL1A1, COL1A2 and COL3A1) and other matrix proteins such as fibronectin (FN1) and laminin (LAMA1); tissue metallopeptidase and their inhibitors MMP1, TIMP1 (tissue inhibitor of matrix metallopeptidase 1) and TIMP3; the adhesive molecules ICAM1 and VCAM1; the growth factors TGF-␤ , PDGF-␤ , HGF (hepatocyte growth factor), and the inflammatory and immune modulators chemokine ligand 2 (CCL2 or MCP-1), chemokine ligand 5 (CCL5 or RANTES), chemokine li-gand 3 (CXCL3), IL-10, CD14, CD40. In the UNI dataset, 26 genes were altered 2-fold in this fibrosis pathway but only 9 genes were altered 2-fold in the SHAM dataset. The higher representation of the UNI dataset is consistent with the greater fibrosis observed in OVE-uni kidneys compared to any other group. Several inflammatory-and immune-related canonical pathways were also shown to be significantly changed in the UNI dataset. These included leukocyte extravasation signaling, acute phase response signaling, IL-10, IL-12 signaling, the complement system and dendritic cell maturation. For each of these pathways, more genes were upregulated by diabetes in the UNI dataset than in the SHAM dataset.
The current results were compared to a separate microarray data set obtained previously from untreated OVE diabetic mice and control FVB mice at 4 and 8 months of age (http://www.ncbi.nlm.nih.gov/gds?term = ove26 [manuscript submitted]). Figure 7 a and b shows that the UNI dataset was more closely correlated to the previous 8 months' results, while the SHAM dataset was more closely correlated to the prior 4 months' results. These data indicate that uninephrectomy accelerated DN not only at the histopathology level, but also at the level of gene expression.
Discussion
In this report we describe a faster, more advanced model of DN by application of uninephrectomy. The impact of uninephrectomy was minimal in non-diabetic mice but severe in OVE mice. Uninephrectomy greatly accelerated the progression of OVE DN with respect to albuminuria, mesangial matrix expansion, interstitial fibrosis and gene expression.
Uninephrectomy Dramatically Increased Albuminuria in OVE Mice
Uninephrectomy was performed at 2 months of age. At this time, OVE mice had already started to develop albuminuria and increased GFR. Uninephrectomy rapidly increased albuminuria in OVE mice within 1 week of surgery. This elevation of albuminuria in nephrectomized diabetic mice was highly progressive during the 10-week follow-up. At the end of the 10 weeks, albuminuria in OVE-uni mice was 600 times higher than in nondiabetic mice and 6 times higher than albuminuria in OVE-sham mice. In FVB mice, uninephrectomy had no effect on albuminuria. Uninephrectomy appears to act synergistically with diabetes to increase glomerular leakage and/or reduce tubular albumin reabsorption. Compared with other diabetic mice treated with uninephrectomy [8] [9] [10] , the albuminuria changes in OVE-uni mice are enormous. The very high levels of albuminuria that develop with uninephrectomy should be advantageous both to analyze the mechanisms producing albuminuria and to study the secondary damage that occurs in the tubules as a result of albumin exposure.
GFR Response to Uninephrectomy in OVE Mice
In our previous study, GFR, measured by inulin clearance, did not decline significantly until OVE mice reached 9 months [6] . At this age, OVE GFR was modestly (20%) but significantly reduced compared to normal mice. In the current study, the estimated GFR of OVE-uni mice declined within 10 weeks of uninephrectomy, which is 4.5 months of age. Endogenous creatinine clearance was used to estimate GFR. Although HPLC measurement of creatinine has been adopted by the Animal Models of Diabetic Complications Consortium (AMDCC) as the preferred method to measure plasma creatinine in mice [17] , creatinine clearance does not take into account the effect of proximal tubular creatinine secretion, which was recently reported to account for 30-50% of total urine creatinine in mice [18] . In addition, while the GFR results with OVE mice suggest that uninephrectomy accelerated the drop in GFR, it needs to be recognized that the GFR of OVE-uni mice was not significantly lower than GFR in FVB-sham mice. Clearly, OVE-uni mice do not reach the criteria of a 50% reduction in GFR as laid down by the AMDCC [5] . Therefore it cannot be concluded yet that OVE-uni mice provide a model of impaired GFR
Increased Renal Hypertrophy, Fibrosis and Monocyte Infiltration in Uninephrectomized OVE Mice
Uninephrectomy had a striking effect on morphology of the remnant kidney in OVE mice. Ten weeks after surgery, the kidney size in OVE-uni mice almost doubled. This dramatic renal hypertrophy was consistent with the increase in glomerular size as well as hypertrophy and dilation of renal tubules. Renal fibrosis in OVE-uni mice was much more severe than in OVE-sham mice at the same age and even more extensive than our previous observations [6, 19] of fibrosis in OVE mice at age 8-9 months. At 4.5 months of age, infiltrating monocytes were common in OVE-uni kidneys but rare in OVEsham kidneys. This is consistent with our previous observation of increasing infiltrating cells with age in OVE mice. Overall, the main features of pathology, tubulointerstitial fibrosis and inflammatory cell infiltration, were similar in OVE-uni mice and 8-to 9-month-old OVE mice, which indicates that the uninephrectomy did not create new pathologic features but accelerated the development of DN in OVE-uni mice.
Changes of Profibrotic and Inflammatory Gene Expression in OVE after Uninephrectomy
The accelerated progression of renal damage, especially renal fibrosis and inflammation in OVE-uni mice, was also identified at the gene expression level. The use of pooled samples rather than multiple individual samples prevents the use of these results for identification of statistically significant changes in expression of individual genes. However, treatment comparisons can be made for pathway analysis in pathways that contain tens or hundreds of different genes. The hepatic fibrosis/hepatic stellate cell activation pathway is the Ingenuity canonical pathway that is most closely related to kidney fibrosis. This pathway was by far the most significant (p = 0.000002) pathway identified by gene array in OVE-uni mice. The increased expression of fibrosis-related genes coincided with the dramatically increased renal fibrosis in OVE-uni mice, which indicates correspondence between gene array and kidney pathology. Furthermore, when global gene expression profiles in OVE-uni kidneys were compared with gene expression profiles of untreated OVE mice at 4 and 8 months of age, the highest correlation was with 8-month-old OVE mice. This provides additional support for the concept that uninephrectomy accelerates the development of DN in OVE mice.
The majority of the top pathways upregulated in OVEuni kidneys were inflammatory-and immune-related, including acute phase response signaling, leukocyte extravasation, IL-6, IL-10, IL-12 signaling, TREM1 signaling, dendritic cell maturation and the complement system. This upregulation of inflammatory pathways is consistent with the known importance of inflammation in progression of DN and chronic renal diseases [20] [21] [22] [23] [24] and suggests that more rapid activation of these pathways may be involved in the accelerated renal pathology in OVE-uni mice. The upregulation of inflammatory cell gene expression in OVE-uni kidneys coincides closely with the influx of inflammatory cells in these kidneys.
Uninephrectomy clearly had a synergistic effect with diabetes since all parameters changed dramatically after surgery in OVE mice but modestly or not at all in nondiabetic mice. Uninephrectomy produces renal damage by increasing intraglomerular pressure and single nephron filtration rate [8, 10] . This may exacerbate the already damaged glomerular filtration barrier of OVE mice resulting in a tremendous increase in albumin leaking into tubules of OVE-uni mice. Albuminuria is thought to activate secretion of inflammatory and profibrotic mediators from proximal tubule cells [25] [26] [27] . If this is correct, then the very extensive fibrotic and inflammatory response produced by uninephrectomy of OVE mice was probably initiated by increased albumin leakage from the glomerulus.
A caveat for the OVE-uni model is that the mechanism and pathology of uninephrectomy-accelerated nephropathy may be different from DN. Uninephrectomy causes renal damage via abnormal renal hemodynamics in the remaining kidney. However, it is not certain that this mechanism plays a major role in human DN. Also, the extent of segmental glomerulosclerosis in OVE-mice was more than typically observed in DN. Uncertainties about the mechanism of the OVE-uni model should be weighed against the advantages of speed and severity of nephropathy in this model.
